This paper presents a new non-isolated high gain, boost converter for power electronic applications, such as renewable energy and electric vehicle systems. The converter uses a coupled inductor and switched capacitor to achieve the high step up voltage requirements. Importantly, the structure of the high voltage side, together with the switched capacitor, reduces the voltage stress across the diodes; thus enhancing the capability of the circuit. Furthermore, the semiconductor switch voltage stress is reduced to less than one third of the output voltage. The main switch achieves zero current switching (ZCS) turn-on performance and all diodes achieve (ZCS) turn off reducing reverse recovery losses. As a result, the circuit exhibits high efficiency performance; which is essential in most modern power electronic applications. In this paper, the operational principle and performance of the proposed converter is presented and validated experimentally with a 250 W, 20 V input voltage / 190 V output voltage prototype circuit.
Introduction
There is an increasing demand in power electronic systems, such as renewable energy, energy storage, and electric vehicle applications, for high gain dc-dc converters. Classic isolated power converter topologies, such as the flyback or push-pull converter, can readily achieve the necessary high gain by adjusting the transformer turns ratio [1] [2] . However, to overcome the problem of large voltage spikes observed by the primary switch at turn-off (due to leakage inductance), traditionally required a snubber. Likewise, non-isolated topologies such as switched capacitors, voltage multiplier cells, and voltage lift circuits, all require more elaborate control strategies and multiple cells to achieve high voltage conversion ratios. This typically results in complex structures. A common alternative technique is to use a coupled inductor to enlarge the voltage gain in non-isolated dc-dc converters [3] [4] [5] . Coupled inductor boost converters can provide high voltage gain without extreme duty cycle operation, with a relatively simple topology. Consequently, they can reduce the switch voltage stress and allow the use of low voltage rated, high performance, semiconductor devices. However, the main drawbacks of coupled inductor converters typically include severe voltage spikes across the switch due to the leakage energy of the coupled inductor and the large input current ripple. Beside capacitor charge transference [6] , [7] and magnetic coupling converters [8] , [9] one can find other promising hybrid topologies for high step-up dc-dc conversion [10] [11] [12] . This technique has been successfully applied in many converters and achieves good overall performance. To limit the switch voltage stress due to the leakage energy of the coupled inductor, active clamp energy recycling schemes have also been proposed. However, this increases cost, which may be problematic in cost sensitive applications. Also, any overlap can lead to failure of the circuit, thereby reducing the reliability of the circuit. Methods of estimating the parameters of dc-dc converters, system identification and control can as well be found in [13] [14] [15] [16] . This paper proposes a new boost dc-dc converter topology with the objective to achieve high voltage gain operation with a robust well-regulated dc output voltage; whilst minimizing the semiconductor device stress typically observed in power converters of a similar type. To achieve this goal a high step up dc-dc converter with coupled inductor and switched capacitor is adopted. Here, the two capacitors are charged in parallel by the coupled inductor and discharged in series to enlarge the voltage gain. A passive clamp circuit is employed to recycle the leakage inductance energy whilst minimizing the turn-off voltage spike across the main switch. Importantly, the clamp circuit provides a mechanism of achieving zero current switching (ZCS) for the main switch and subsequent reduction of the output diodes current fall rate. Consequently, the diodes switching loss and output switching noise are decreased. In addition, low rated semiconductor devices can be used, which in turn helps to reduce conduction losses. To achieve ZCS over a wide operating range in the proposed circuit, the inherent leakage inductance of the coupled inductor is used. In the following, the operating principles of the proposed dc-dc converter are described in full detail. Experimental results from a 250 W prototype circuit are then presented to validate the advantageous performance and operation of the high voltage gain circuit 2 Converter Operational Analysis
Circuit Description
The converter employs one coupled inductor denoted as . The primary and secondary windings of the coupled inductor are denoted as and respectively. The primary winding denotes the output resistive load. Fig.2 shows the equivalent circuit of the proposed high stepup boost converter. The coupled inductor can be modelled as an ideal transformer with defined turns ratio. The ideal transformer primary winding is in parallel with magnetizing inductor and then in series with a leakage inductance [4] , [5] .
, are the input and output voltages of the converter respectively.
To simplify the converter analysis the following assumptions are made:
1) The power switch is ideal, but the parasitic capacitor is considered in the analysis. 2) Capacitors , and are large enough. Thus, their voltages are constant in one switching cycle.
3) The turns ratio of the coupled inductor is equal to and coupling coefficient is expressed as 
Operational Modes
The following discussion is confined to continuous current mode (CCM) operation, since the converter design is based on CCM and the operation is guaranteed throughout the full range of the duty cycle variation with resistive loads. During steady state operation, the duty cycle is higher than 0.5. The clamp diode turns on and turns off naturally . Some typical steady state waveform of the proposed converter in CCM operation is shown in Fig. 3 There are five modes of operation in one switching cycle; the equivalent circuits and current flow path corresponding to each operational stage are shown in Fig. 4 . The converter operation in CCM is analysed as follows: . a) : Before time , the main switch is conducting. The clamp diode and output diode are reversed biased whilst the regenerative diode is also conducting. The current through regenerative diode decreases linearly. The rate of decrease in current is controlled by the leakage inductance . Magnetizing inductance is charged by the input voltage , whilst the switched capacitor is charged through the coupled inductor secondary winding. The load is supplied by the output capacitor. 
Circuit Analysis

Voltage Conversion Ratio
The parasitic parameters inherent in the power devices are not included in the analysis; this includes the leakage inductance of the coupled inductor. The magnetising inductor current is also considered to be linear. The switching period consists of the on and off period. When the power switch is in the on state, the magnetizing inductor is charged linearly by the input voltage. Using KVL, the voltage across the magnetizing inductor is given by (1) The corresponding voltage across the secondary winding of the coupled inductor is (2) At the same time instant, diode is reversed blocking and the output diode is forward conducting, the clamp capacitor and switched capacitor discharge in series and the power is transferred to the load; the output voltage can be described by (3) By applying the inductor volt-second balance principle to the clamp capacitor, the voltage across the clamp capacitor can be expressed as (4) When the main switch S turns off, the clamp and regenerative diode turns on, the clamp and switched capacitors are charged in parallel by the input voltage, the voltage across the switched capacitor is derived as (5) From (3)- (5), the ideal voltage gain is derived (6) The coupled inductor turns ratio can be adjusted to achieve the desired voltage conversion ratio without resorting to extreme duty cycle operation. The relationship between the static gain, duty cycle and turns ratio is plotted in Fig. 5 . When the coupled inductor turns ratio is zero, the voltage gain of the proposed circuit is higher than that of the conventional boost converter. The voltage gain increases significantly at higher turns ratio.
Power Devices Voltage Stress
By neglecting the voltage ripple on the clamp capacitor, the voltage stress of the switch and clamp diode are the same and are equal to the voltage on the clamp capacitor given by (7) The voltage stress of the output diode is the same with that of the regenerative diode, which is equal to the difference between the output voltage and the clamp capacitor voltage. However, it is always lower than the output voltage and is expressed as (8)
Current Stress
The RMS current of the main switch is given by (9) The RMS current regarding the clamp diode is (10) The average current of the diodes is equal to the output current given by (11)
Diodes Reverse Recovery Alleviation
The current falling rate of the output diode is controlled by the leakage inductance of the coupled inductor during Mode 3 given by (12) For the regenerative diode, its current falling rate is equally controlled by the leakage inductance at the end of Mode 4 derived as (13) From (12) and (13) it can be concluded that the reverse recovery problem can be alleviated effectively by using the inherent leakage inductance of the coupled inductor to control their current falling rate. Furthermore as the turns ratio increases, a small leakage inductance is sufficient to alleviate the reverse recovery problem.
Experimental Validation
In order to verify the operation and evaluate the performance of the converter a 20V input, 190 V output 250 W prototype circuit is built and tested in the laboratory. The specification of the converter along with the component ratings are derived from the analysis in section 3. The specifications are listed in Table 1 Output The following experimental results are measured at full load conditions with input voltage. The drain source voltage of the power switch , the switch currents , the voltage of the clamp diode and current are shown in Fig.  6 . It can be seen that maximum voltage across the devices is 60 V, which is far less than the output voltage. This enables conduction loss reduction by allowing low rated devices with low to be employed. Besides, the drain source voltage of the switch falls to zero prior to the application of turn-on gate signal, so ZCS is achieved for the power switch. The clamp turns-off naturally, which means there is no reverse recovery problem. A detail of the ZCS performance of the main switch is shown in Fig. 7 . The output voltage and clamp circuit waveforms are shown in Fig. 8 . Note that the voltage of the clamp capacitor is the same with that of the power switch and clamp diode. When the main switch turns-off the clamp diode conducts and the leakage inductor energy is transferred to the clamp capacitor. Also the passive clamp circuit uses part of the off time duration to reset the leakage energy. As illustrated in Fig. 9 , the regenerative and output diodes turn off softly with ZCS, leading to the reverse recovery alleviation. The voltage across the diodes is 150 V which is also less than the converter output voltage of 190 V. Fig. 10 illustrate the leakage inductor current, which is continuous over the entire switching cycle. However, the ripple magnitude is largely due to the magnetizing inductor and reflected secondary winding currents. Fig. 11 shows the measured efficiency of the converter. The efficiency is 93.5% for a wide load range and the maximum converter efficiency is 92.5% at full load 
Conclusion
In this paper a new single phase, high gain, boost converter with coupled inductor and switched capacitor is proposed. Thorough theoretical analysis of the circuit's principle of operation and experimental results presented from a 250 W prototype demonstrate the effectiveness of the proposed topology as a non-isolated, high gain, step-up power converter. The key advantages of the proposed converter are:
1. The voltage gain is easily enlarged by selecting the turns ratio of the coupled inductor.
2. Semiconductor switch voltage stress is reduced; hence lower voltage rated devices can potentially be adopted to reduce conduction losses. 3. ZCS soft switching performance is readily achieved for the main switch, and ZCS is achieved for the diodes, further reducing losses in the circuit and minimizing reverse recovery loss 4. The leakage energy of the coupled inductor is recycled to the output.
